Background: C-terminal SPAK fragments are found in kidney medulla. Results: We identified Dnpep as the protease responsible for SPAK cleavage, identified the sites of cleavage, and showed unusual preference for ␣ helices. Conclusion: C-terminal SPAK fragments originate from Dnpep-mediated proteolytic cleavage. Significance: SPAK and its cleavage are significant for the regulation of renal Na ϩ reabsorption and control of blood pressure. . 2 The abbreviations used are: SPAK, Ste20-related proline/alanine-rich kinase; TAL, thick ascending limb of Henle; Dnpep, aspartyl aminopeptidase; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
The Ste20-related kinase SPAK regulates sodium, potassium, and chloride transport in a variety of tissues. Recently, SPAK fragments, which lack the catalytic domain and are inhibitory to Na ؉ transporters, have been detected in kidney. It has been hypothesized that the fragments originate from alternative translation start sites, but their precise origin is unknown. Here, we demonstrate that kidney lysate possesses proteolytic cleavage activity toward SPAK. Ion exchange and size exclusion chromatography combined with mass spectrometry identified the protease as aspartyl aminopeptidase. The presence of the protease was verified in the active fractions, and recombinant aspartyl aminopeptidase recapitulated the cleavage pattern observed with kidney lysate. Identification of the sites of cleavage by mass spectrometry allowed us to test the function of the smaller fragments and demonstrate their inhibitory action toward the Na ؉ -K ؉ -2Cl ؊ cotransporter, NKCC2.
Through reabsorption and secretion mechanisms, the kidney finely regulates body salt balance and thereby extracellular volume and blood pressure. In recent years a kinase cascade involving the Ste20p-like kinases, SPAK 2 (STK39) and OSR1 (OxSR1), has emerged as an important regulator of salt transport in the kidney (1, 2) . The kinases regulate two transport mechanisms involved in Na ϩ reabsorption: the Na-K-2Cl cotransporter, NKCC2, expressed in the thick ascending limb of Henle (TAL), and the Na-Cl cotransporter, NCC, expressed in the distal convoluted tubule. SPAK possesses a short N-terminal region rich in the proline/alanine residues (PAPA box) followed by a core kinase domain and a relatively large C-terminal regulatory domain. OSR1 displays the same structure while lacking the PAPA box ( Fig. 1A) . Examination of fully sequenced genomes revealed that SPAK originated from OSR1 gene duplication during vertebrate evolution (2, 3) . In heterologous expression systems, the two kinases behave similarly, anchoring themselves to the N-terminal tail of Na ϩ -dependent cotransporters in order to phosphorylate and stimulate their activities. This regulation has been shown for NKCC1 (4 -6), NKCC2 (7) , and Na-Cl cotransporter (8, 9) . Kinase binding occurs between a conserved protein fold, which is located at the C-terminal end of SPAK and OSR1, and a conserved RFX(V/I) peptide sequence located in the N-terminal tail of the cotransporters (10, 11) . Although in sensory neurons the two kinases seem to fulfill a redundant function (12) based on the phenotypes of SPAK and kidney-specific OSR1 knock-out mice, the two kinases in kidney seem to have very distinct roles. Indeed, although the SPAK knock-out mouse reveals a primary role for SPAK in regulating the Na-Cl cotransporter in the distal convoluted tubule (13) (14) (15) (16) , the kidney-specific OSR1 knock-out mouse displays a phenotype that is consistent with disruption of NKCC2 function in the TAL (17) . An intriguing observation from the SPAK knock-out mouse is that NKCC2 in the TAL is hyperphosphorylated (13, 14, 16) , which would be inconsistent if the kinase was phosphorylating this cotransporter under normal conditions. In the kidney medulla several smaller SPAK fragments are observed by Western blot analysis, and these fragments have been postulated to act as negative regulators of OSR1 function in the thick ascending limb of Henle (14, 16, 18) . Indeed, if these fragments were to inhibit OSR1 function, their absence in the knock-out would lead to increased OSR1 and hyperphosphorylation of NKCC2. Consistent with this hypothesis is the fact that no hyperphosphorylation of NKCC2 was observed in a knock-in mouse model where expression of SPAK and its fragments was left untouched, but the activity of the kinase was eliminated through a single amino acid substitution within the catalytic domain (15) . Although a shorter transcript, referred to as kidney-specific or KS-SPAK, has been identified in mouse kidney (14) , there is no evidence based on analysis of the human genome that such a transcript exists in non-rodent species. Thus, we considered alternative mechanisms for the production of the fragments and considered the possibility that SPAK is modified by proteolytic cleavage in the kidney.
EXPERIMENTAL PROCEDURES
Animals-All experiments involving animals were approved by the Vanderbilt Animal Care and Use Committee (IACUC). Organs were collected from in-house-bred C57BL/6J mice. Mice were anesthetized with isoflurane (2-5%) and decapitated under anesthesia. Organs were removed and flash-frozen in liquid nitrogen before use. Two kidneys were obtained from one rabbit that underwent a thoracotomy and heart removal. The rabbit was sedated with ketamine ϩ xylazine (25 ϩ 5 mg/kg), and one ear was cannulated with a 23-gauge butterfly needle to establish intravenous access. The rabbit was given a single dose of heparin (1000 USP units) and deeply anesthetized with pentobarbital (40 -60 mg/kg). A midline abdominal incision was made followed by a complete midline thoracotomy to fully expose and remove the heart. After exsanguination, the kidneys were collected, dissected, and flash-frozen in liquid nitrogen. Xenopus laevis frogs were anesthetized with tricaine (1.7 g/liter) buffered with NaHCO 3 (3.4 g/liter). Ovarian lobes were surgically externalized and removed.
Human Tissues-With Institutional Review Board approval, renal biopsies from patients were obtained from CHTN (Cooperative Human Tissue Network), Western Division at Vanderbilt University. The samples consisted of liquid nitrogen frozen normal kidney cortex and medulla samples of weights ranging from 0.2-1 g.
Tissue Lysates-Tissue samples were homogenized on ice in 500 l of lysis buffer (125 mM NaCl, 10% glycerol, 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, 10 M leupeptin, 4 M aprotinin, 10 M pepstatin, 1% Triton X-100, 0.5% SDS, 20 mM HEPES, pH 7.4) per 150 mg of tissue and rotated at 4°C for 20 min. Soluble lysates were then collected from homogenates by centrifugation at 13,000 ϫ g for 20 min at 4°C.
Proteolytic Reactions-Typical reactions consisted of the following: 2 l of kidney lysate (35 g/l) or the corresponding volume of other tissue lysates (70 g) were incubated with 2 l of SPAK fusion protein (5 g/l) in phosphate buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.3) or in HEPES buffer (50 mM Hepes, 140 mM NaCl, pH 7.4) or in lysis buffer in a total volume of 40 l for 1 h at 37°C. When required, kidney lysate was first pretreated with different inhibitors or vehicle before reaction with SPAK fusion protein. In the latter case, 2 l of kidney lysate was first preincubated for 30 min at 37°C with 4 l of a 10-fold concentrated inhibitor solution (or corresponding vehicle) in 32 l of phosphate buffer before the addition of 2 l of SPAK fusion protein and subsequent reaction for 1 h at 37°C. To study the effect of temperature on cleavage, two separate protocols were used. For temperatures of 4, 21, and 37°C, 2 l of kidney lysate (35 g/l) in phosphate buffer was preincubated for 15 min at these temperatures before the addition of SPAK fusion protein (5 g/l) and 30 min reactions at same temperatures. For temperatures higher than 37°C, 2 l of kidney lysate was treated at 45, 55, 65, 75°C for 15 min and cooled down to 4°C before the reaction with SPAK fusion protein (5 g/l) at 37°C for 30 min.
SDS-PAGE, NativePAGE, and Western Blot Analysis-Protein samples were denatured in 2ϫ loading buffer at 75°C for 15 min and separated on either regular 10% SDS-polyacrylamide gels or 3-12% SDS-polyacrylamide gradient gels or precasted Novex NativePAGE 3-12% Bis-Tris gels (Invitrogen). The separated proteins were electroblotted onto 0.45-m polyvinylidene fluoride membranes (ThermoFisher Scientific) through a semi-dry process, and membranes were incubated for 2 h at room temperature in blocking solution (5% nonfat milk in TBST, i.e. 150 mM NaCl, 10 mM Tris, 0.5% Tween 20). Incubation of primary antibody (1:1000) was performed overnight at 4°C. Antibodies were rabbit anti-mouse C-terminal SPAK polyclonal antibody (residues 424 -556 (10)), antimouse OSR1 polyclonal antibody (residues 363-436 (19) ), mouse monoclonal anti-FLAG (clone M2, Sigma), HRP-conjugated rat anti-HA monoclonal antibody (clone 3F10, Roche Applied Science), and anti-rabbit aspartyl aminopeptidase (Dnpep) monoclonal antibody (Abcam, Cambridge, MA). Membranes were washed in TBST for 3 h with frequent changes and when appropriate incubated with horseradish peroxidase-conjugated secondary antibody in blocking solution (1:5000) for 1 h at room temperature and washed again for 2 h in TBST. Protein bands were visualized by chemiluminescence (ECL Plus, Amersham Biosciences).
SPAK Fusion Protein Purification-The cDNA encoding mouse SPAK was reported by Piechotta et al. (10) . The cDNA was engineered with a FLAG tag and HA tag at 5Ј and 3Ј ends, respectively (see Fig. 1 ) and inserted into pGEX4T. The final construct was transformed into BL21 Escherichia coli strain (Invitrogen). Transformants were then cultured in 2XYT medium (16 g/liter Bacto TM Tryptone (BD Biosciences), 10 g/liter Bacto TM yeast extract, 5 g/liter NaCl) supplemented with 4 mM glucose and 0.1 mg/ml ampicillin in a shaker incubator at 37°C. When absorbance A 600 nm reached 0.5, protein expression was induced by adding 100 M isopropyl-␤-D-thiogalactopyranoside (IPTG, RPI Corp., Chicago, IL), and incubation was continued for 4 h at 30°C. After incubation, the cell pellet was collected by centrifugation (7000 ϫ g, 15 min, 4°C) and resuspended in cold phosphate buffer supplemented with protease inhibitors (1 mM PMSF, 10 M leupeptin, 4 M aprotinin). Lysis was performed by two passes through a French pressure cell, and lysate was centrifuged (12,000 ϫ g, 20 min, 4°C). Supernatant was loaded onto a glutathione-Sepharose column (GE Healthcare). Finally, GST-SPAK fusion protein was eluted by a 10 mM glutathione, pH 8.0, solution.
Cloning of Mouse Dnpep-Total RNA was isolated from mouse kidney using RNeasy kit (Qiagen, Valencia, CA) following the manufacturer's instructions, and 5 g of was reversetranscribed into cDNA using SuperScript III reverse transcriptase (Invitrogen). The cDNA encoding the mouse Dnpep was amplified in three pieces using specific oligonucleotides. The first sense oligonucleotide contained a 5Ј EcoRI restriction site (underlined sequence) for cloning in different vectors, including an in-frame insertion into the GST fusion protein vector, pGEX4T, and the His 6 fusion protein vector, pET14b (5Ј-GAATTCATGGCTATGAACGGCAGGGC-3Ј). The first antisense oligonucleotide introduced two silent mutations at its 5Ј end, one eliminating a MluI site and the other introducing a new NheI site (5Ј GCTAGCGTCAGGTCCCGGTCGAACC-3Ј). The sense oligonucleotide to amplify the middle piece started with the NheI site (5Ј-GCTAGCTGGTCGCGTCAT-TATCAAGTGCCCTAC-3Ј), whereas the antisense oligonucleotide contained a BamHI site, native to the Dnpep sequence (5Ј-GGATCCCTGGCCAGAGAGGCAGG 3Ј). The third fragment was amplified from the BamHI site (5Ј-GGATCCACAT-GTGCGCATGGTC 3Ј) to the end of the open reading frame was followed by a stop codon (written in bold letters) and a XhoI site (5Ј-CTCGAGTCAGTCCACTAAGAGGTTCC-GGC-3Ј). The three PCR fragments were then gel-extracted, ligated into the cloning vector pGEM, and sequenced individually. The full-length clone was then constructed into a modified pBluescript that contains EcoRI-NheI-BamHI-XhoI sites and then moved to pGEX4T1, pBF, and pCDNA3 using EcoRI and XhoI restriction sites.
Dnpep Fusion Protein Purification-Dnpep cDNA inserted in pGEX4T or pET28b was transformed into BL21 E. coli strain, and transformants were cultured as described above. Incubation after protein expression induction (100 M isopropyl-␤-D-thiogalactopyranoside) was performed at 18°C in a shaker incubator. After centrifugation, the pellet was resuspended in phosphate buffer (GST-Dnpep fusion protein) or in HEPES buffer (His-Dnpep fusion protein) supplemented with protease inhibitors. After lysis via a French press and centrifugation, the supernatant was loaded onto a glutathione-Sepharose column (GST-Dnpep fusion protein) or a nickel-nitrilotriacetic acid-agarose column (His-Dnpep fusion protein). Elution was then performed using either 10 mM glutathione, phosphate buffer, pH 8.0; GST-Dnpep fusion protein), or 400 mM imidazole, HEPES buffer, pH 8.0; His-Dnpep fusion protein).
Ion Exchange and Size Exclusion Chromatography-For ion exchange chromatography, diluted samples were loaded on a 5-ml HiTrap High Performance Q column (GE Healthcare) equilibrated in 25 mM Tris, 50 mM NaCl, pH 8.5. Proteins were eluted with a 50 -500 mM NaCl gradient run at 1 ml/min and maintained at 4°C. Gel filtration (size exclusion chromatography) was performed by loading 1 ml of clarified (i.e. dialyzed through a 14-kDa dialysis membrane (Spectrum Laboratories) for 2 days) kidney extract onto a 24-ml Superdex 200 10/300 GL column (GE Healthcare) equilibrated in 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Tris(2-carboxyethyl)phosphine run at 0.5 ml/min and maintained at 4°C.
Mass Spectrometry-Shotgun proteomic analysis was performed on 100 l of fraction #15 first by TCA precipitating the proteins by the addition of 33 l of 100% w/v solution of TCA. After 2 ice-cold acetone washes, the precipitated proteins were resolubilized in a solution of 8 M urea and 100 mM Tris, pH 8.5, reduced with Tris(2-carboxyethyl)phosphine (10 mM), and alkylated with iodoacetamide (20 mM). After diluting the sample to 2 M urea, trypsin was added and allowed to proceed overnight at 37°C. Resulting peptides were analyzed via MudPIT (Multidimensional Protein Identification Technology) essentially as described in Refs. 20 and 21). Briefly, digested peptides were loaded onto a biphasic precolumn consisting of 4 cm of reversed phase material followed by 4 cm of strong cation exchange material. Once loaded, this column was placed in line with a 20-cm reversed phase analytical column packed into a nanospray emitter tip directly coupled to a linear ion trap mass spectrometer (LTQ). A subset of peptides were eluted from the strong cation exchange material onto the reversed phase analytical via a pulse of volatile salt those peptides separated by an reversed phase gradient and then ionized directly into the mass spectrometry where both the intact masses (MS) and fragmentation patters (MS/MS) of the peptides were collected.
For the analysis of proteolytic fragments, NuPAGE 4 -12% Bis-Tris resolved bands were excised and subjected to in-gel trypsin digestion. Data for these peptides were collected using a similar low flow HPLC separation but with the acquisition instrument being an LTQ-Velos Orbitrap. This allowed for the acquisition of both ion trap resolution MS/MS spectra and high resolution orbitrap spectra of the intact peptide masses. Peptide MS/MS spectral data were searched against a protein database using Sequest (22) , and the resulting identifications were collated and filtered using IDPicker (23) and Scaffold. Extracted ion chromatograms of high resolution spectral data and subsequent quantitation were performed using the Skyline software package.
cRNA Transcription-Complementary DNA clones (20 g) inserted into the X. laevis oocyte expression vector pBF and encoding for mouse NKCC2, full-length SPAK, and SPAK C-terminal fragments and subcloned were linearized by incubation at 37°C overnight with MluI (New England Biolabs, Beverly, MA), purified using a QIAquick PCR Purification Kit (Qiagen), and transcribed into cRNA using a mMESSAGE mMACHINE SP6 transcription kit (Invitrogen). cRNA was then purified by using the RNeasy Mini kit (Qiagen) and eluted in diethylpyrocarbonate-treated water. RNA preparation was assessed for quality and quantity through denaturing agarose gel electrophoresis and spectrometric methods.
Injection of X. laevis Oocytes-Individual oocytes were dissociated through the use of collagenase (5 mg/ml, Sigma) and incubated overnight in modified L15 solution (250 ml of Leibovitz L15 Ringer (Invitrogen), 200 ml of deionized water, 952 mg of HEPES (acid form), and 44 mg/liter gentamycin (Invitrogen), pH 7.0, 195-200 mosM) at 16°C. The following day, groups of 25 oocytes were injected with 15 ng of NKCC2 cRNA and returned to the incubator. On day 3, they were injected with 10 ng of kinase cRNA. Western blot analysis and 86 Rb tracer flux studies to measure NKCC2 cotransport expression and function, respectively, were assessed on day 5.
NKCC2 Cotransporter Function-Groups of 20 -25 oocytes in 35-mm dishes were washed once with 3 ml of isosmotic saline (96 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.4, 200 mosM) and preincubated for 15 min in 1 ml of the same solution containing 1 mM ouabain. Then the solution was aspirated and replaced with 1 ml of isosmotic flux solution containing 5 Ci of 86 Rb. Two aliquots (5 l each) of flux solution were sampled at the beginning of each uptake period and used as standards. After a 1-h uptake, the radioactive solution was aspirated, and the oocytes were washed 4 times with 3 ml of ice-cold isosmotic solution. Single oocytes were transferred into glass vials, lysed for 1 h with 200 l of 0.25 N NaOH, and neutralized with 100 l of glacial acetic acid, and tracer activity was measured by ␤-scintillation counting. NKCC2-mediated K ϩ flux is expressed in nmol of K ϩ per oocyte/h.
RESULTS
To assess proteolytic activity, a GST fusion protein comprising of the entire open reading frame of SPAK flanked by 5Ј FLAG and 3Ј HA epitopes ( Fig. 1B ) was incubated with a kidney lysate, and the SPAK reactants were subjected to Western blot analysis with either FLAG or HA antibodies or an antibody that recognizes the C-terminal domain of SPAK (see "Experimental Procedures"). As a control, the fusion protein was also treated with thrombin, a protease that recognizes a site engineered between the GST moiety and SPAK. As seen in Fig. 2A , incubation with kidney lysate produces several C-terminal fragments of sizes smaller than the proteolytic product of thrombin, indicating cleavages of the N terminus of SPAK by a different protease. As controls, we found that the observed signal does not originate from the kidney lysate itself and is not produced when using a GST-OSR1 fusion protein (Fig. 2B ). The proteolytic activity is observed in kidney but not in brain, liver, or spleen ( Fig. 2C ) and is not species-specific as it was also observed with rabbit and human kidney lysates (Fig. 2D ). The activity is maximal in the range of 4 -45°C, significantly reduced at 55°C, and absent at 65°C and 75°C ( Fig. 2E ), consistent with protein temperature optima.
To ensure that the activity is not related to the GST moiety or the FLAG epitope, we repeated the experiment using N-terminal HA tagged full-length SPAK heterologously expressed in HEK293 cells. As seen in Fig. 3A , we observe similar kidney lysate-induced cleavage patterns with GST-SPAK and HA-SPAK isolated from two different sources. Note the presence of not only the major bands at molecular sizes higher than 50 kDa but also fragments at lower sizes. Because the activity is also time (Fig. 3B )-and concentration-dependent ( Fig. 3C ), it has the hallmark of an enzymatic reaction. Cleavage occurs within a wide range of pH (5.5-9.5) with intensities of the small bands increasing at more acidic pH ( Fig. 3D ). As detergent was present in the tissue lysis buffer, we tested the resistance of the enzyme to different concentrations of SDS and Triton X-100. As seen in Fig. 4A , the reaction was not affected by low concentrations of SDS or Triton. Only high 1% SDS and 10% Triton significantly decreased cleavage activity. To assess whether the activity is associated with plasma membranes, we prepared some lysates in 0.32 M sucrose and centrifuged up to 100,000 ϫ g to isolate microsomes. Although cleavage was observed with all fractions, the strongest cleavage was observed in the microsomal fraction (Fig. 4B ). Finally, we demonstrated FIGURE 1. Schematic representation of OSR1 and SPAK kinases. A, the two kinases are characterized by a short and distinct N-terminal region (11% conservations) preceding the highly conserved catalytic domain (96% conservation) and a C-terminal domain divided into 3 regions of various homology. The first region is 84% conserved and contains a key regulatory phosphoserine. The second region lacks homology (17% conservation), and the third region forms a highly conserved domain (94%) that interacts with the kinase substrates. B, engineered SPAK fusion protein. SPAK fusion protein is composed of the full-length SPAK and some epitope tags, such as GST, FLAG (DYKDDDDK), and HA (YPYDVPDYA). The fusion protein is larger than the full-length SPAK and can be cleaved specifically by thrombin. Thrombin cleavage occurs downstream of GST, allowing the release of full-length SPAK as positive control. Note that GST tag is used for fusion protein purification, whereas FLAG and HA epitopes can be used for Western blotting purposes.
FIGURE 2. Kidney lysate cleaves SPAK fusion protein.
A, the addition of kidney lysate (70 g) to SPAK fusion protein (SPAK-FP, 10 g) and subsequent reaction for 1 h at 37°C resulted in the appearance of several bands above the 50-kDa mark. The pattern is different from thrombin proteolytic cleavage.
Open arrowheads indicate sizes of the full-length fusion protein and C-terminal fragment after thrombin. The thin lines under arrowheads highlight the presence of at least five fragments of B. IB, immunoblot. The pattern was not observed without SPAK fusion protein and was also not observed for reaction between kidney lysate and GST-OSR1 (10 g) fusion protein. C, reaction between SPAK fusion protein and different tissue lysates. All reactions were performed with identical protein amounts of tissue lysate (100 g). IB, immunoblot. D, proteolytic cleavage from mouse, rabbit, and human kidney lysates (70 g). E, effect of temperature on the reaction. Two different protocols were used. For temperatures of 4, 20, and 37°C, kidney lysates were added to GST-SPAK fusion protein, and a subsequent reaction was carried out at these temperatures. For temperatures higher than 37°C, kidney lysate was first preincubated at these temperatures before reacting at 37°C with GST-SPAK fusion protein. Western blot analyses were done using 1:1000 anti-SPAK (C-terminal) antibody followed by 1:5000 HRP-conjugated anti-rabbit antibody.
that the activity was resistant to widely used protease inhibitors such as PMSF, leupeptin, aprotinin, pepstatin, EGTA, and EDTA at concentrations, which typically inhibit Ca 2ϩ -sensitive proteases (Fig. 4C) .
To identify the kidney protein responsible for this cleavage, we subjected 1 ml of kidney lysate (the equivalent of 2 mouse kidneys) on a cationic exchange column in a Tris buffer containing 50 mM NaCl, pH 8.5. Once loaded, the column was washed with the same buffer then exposed to a gradient of 50 mM to 500 mM NaCl, and fractions ( Fig. 5A ) were collected and tested for activity. As seen in Fig. 5B , peak activity was detected in fraction 15, which corresponds to a salt concentration of 240 mM. This fraction was subjected to multidimensional liquid chromatography tandem mass spectrometry (MudPIT) analysis, and 1119 proteins were identified. Using an extensive list of rat proteases (24), we recognized among them 44 proteases. The top 12 (ranking based on total spectrum count) are listed in Table 1 , whereas the others are inventoried in Supplemental Table 1 . To narrow down the list, we performed size exclusion chromatography to ascertain the size of the protease or protease complex. One milliliter of kidney lysate dialyzed using a 14-kDa size exclusion Spectra/Por membrane, was separated by gel filtration over a Sephadex 200 column, and 0.5-ml fractions were collected. Fig. 5C shows the optical density trace of the sample and of molecular standards. When equal amounts of protein (9 g) from fractions were tested for activity, signal was observed in many early fractions, indicating large molecular weight similar to thyroglobulin, i.e. much larger than most of the proteases identified by MS, this being consistent with a multimeric protein complex (Fig. 5D ).
To explore whether the proteasome complex is involved in cleavage, we tested the proteasome inhibitor MG132 and found no effect (Fig. 6A) . Other inhibitors were also tested to match a pharmacological profile to a MS-identified protease. N-Ethylmaleimide, which inhibits cysteine proteases by alkylation of thiol group, also does not prevent SPAK cleavage (Fig. 6A ). As cytosolic aminopeptidase Lap3 was the top candidate of the MS list and this aminopeptidase is highly sensitive to bestatin, we tested this inhibitor at different concentrations and observed no effect (Fig. 6, A and B) . In contrast, the proteolytic activity was significantly diminished by EDTA at 5 mM, dithiothreitol (DTT) at 1-10 mM, and 1,10-phenanthroline at 5 mM, all pointing to the involvement of a Zn 2ϩ metalloprotease. Indeed, EDTA at high concentrations chelates not only Ca 2ϩ and Mg 2ϩ but also other divalent cations. Although DTT is commonly used to reduce disulfide bonds (25) , it is also able to chelate metals such as Zn 2ϩ but not Ca 2ϩ (26) . Additionally 1,10-phenanthroline is a specific inhibitor of Zn 2ϩ metalloprotease (27) . To confirm that Zn 2ϩ is required for function, we incubated a kidney lysate with 20 mM EDTA. After dialyzing the sample to eliminate the chelating agent, we tested the activity of the A, incubation of GST-SPAK isolated from bacteria and HA-SPAK isolated from HEK293 cells with kidney lysate (2 l) cells results in proteolytic cleavage independent of the nature of the added 5Ј sequence. B, incubation of GST-SPAK with kidney lysate (2 l) for short incubation times shows time dependence. C, incubation of GST-SPAK with increasing amounts of kidney lysate shows dose dependence. D, reaction between GST-SPAK and kidney lysate (2 l) at three different pHs. The pH was adjusted to 7.5 at the end of the reaction before protein denaturation and gel loading. A, incubation of GST-SPAK with kidney lysate (2 l) in the presence of various concentrations of SDS or Triton. Note that the lysate contains 0.5% SDS, and the volume of the reaction is 40 l, and therefore, all reactions contain 0.025% SDS. B, incubation of GST-SPAK with 50 g of protein from 3,000 ϫ g pellet, 20,000 ϫ g pellet, 100,000 ϫ g pellet, and 100,000 ϫ g supernatant obtained from a 0.32 M sucrose kidney lysate. C, cleavage was resistant to traditional protease inhibitors. Samples containing 70 g of kidney lysate were preincubated for 30 min at 37°C in phosphate buffer with different inhibitors (final concentration: 1 mM PMSF, 10 M leupeptin, 1 M pepstatin, 0.1 mM EDTA, 1 mM EDTA, 1 mM EGTA) or with vehicle before reactions for 1 h at 37°C with 2 l of SPAK fusion protein (5 g/l). Western blot (IB) analysis was done using 1:1000 anti-SPAK (C-terminal) antibody followed by 1:5000 HRP-conjugated anti-rabbit antibody.
lysate. As seen in Fig. 6C , preincubation with EDTA abolished the activity of the lysate. Activity could be restored by supplying before the reaction 1 mM ZnCl 2 to the EDTA-treated/dialyzed lysate, whereas preincubation with other divalent cations (Mn 2ϩ , Cu 2ϩ , Mg 2ϩ , Ca 2ϩ ) failed to restore activity (Fig. 6C) .
Seven of MS-identified proteases are Zn 2ϩ metalloproteases. One cytosolic metalloprotease in particular, aspartyl aminopeptidase or Dnpep (EC 3.4.11.21), which is the sole mammalian member of the poorly understood M18 peptidase family, caught our attention as it is inhibited by 1,10-phenanthroline, DTT, and EDTA but not bestatin (28 -30) . Furthermore, although the molecular size of its monomer is relatively small (ϳ52 kDa), the crystal structure of Dnpep revealed that it forms a homododecamer tetrahedron complex, bringing the molecular mass of the native protein to 624 kDa (31) . If Dnpep is the enzyme that degrades SPAK in the kidney, expression of aspartyl aminopeptidase should closely trace the cleavage activity that we observed with the chromatography fractions. As seen in Fig. 7, A and B , Dnpep expression traces well with the proteolytic activity in the ion exchange chromatography fractions. In FIGURE 5 . Ion exchange and size exclusion chromatography. A, 1 ml of kidney lysate (25 g/l) was diluted on ice into 10 mM Tris/HCl, pH 8.5, and loaded onto a 5-ml Q-column. After washing the column with this buffer, a salt gradient (50 mM to 500 mM NaCl) was applied (see the thin black line). Absorbance at 280 nm and conductivity were followed over time (thick black line and red line, respectively). B, equal fraction volumes (20 l) were diluted in phosphate buffer and incubated for 1 h at 37°C with 2 l of SPAK fusion protein (5 g/l). ft is the flow-through, proteins that are not bound to the cation exchange column. IB, immunoblot. C, kidney lysate was dialyzed through a 14-kDa dialysis membrane for 2 days. After recovery, 1 ml of dialyzed sample was subjected to Superdex 200 gel filtration, and 0.5-ml fractions were collected. After the run of the sample, an identical run was performed with Bio-Rad standards (red curve). Note that for clarity of the figure, the standard curve was reduced vertically to 40% of its original size. Proteins in standard were thyroglobulin (670 kDa), ␥-globulin (158 kDa), ovalbumin (44 kDa), myoglobulin (17 kDa), and vitamin B (1.35 kDa). D, equal amounts of protein (9 g) from each fraction was diluted in phosphate buffer and incubated for 1 h at 37°C with 2 l of SPAK fusion protein (40 l total reaction volume). Samples were subjected to 10% SDS-PAGE and Western blot analysis using 1:1000 anti-SPAK C-terminal antibody followed by 1:5000 HRP-conjugated anti-rabbit antibody.
TABLE 1 Top 12 peptidases/proteases identified by mass spectrometry analysis
Data are from 1119 proteins identified by MudPIT. Rank, position of the protein in the list sorted by total spectrum count. A, exclusive unique peptides; B, exclusive unique spectra; C, total spectra; D, % coverage. addition, the peptidase is detected from gel filtration fractions 5-19, consistent with Dnpep being a multimeric protein (Fig. 5,  B and D) . In fact, proteolytic activity of the fractions tracked Dnpep in the higher molecular complexes rather than the more abundant smaller complexes. To confirm the large size of the Dnpep complex, we loaded an aliquot of fraction 9 from gel filtration on a NativePage 3-12% Bis-Tris gel and observed a protein complex that migrated at ϳ620 kDa (Fig. 7, C and D) .
Peptidase/protease
Next, Dnpep was PCR-amplified from mouse kidney cDNA and inserted into a GST fusion protein expression vector. GST-Dnpep was produced in bacteria and purified on a glutathione-Sepharose column. As seen in Fig. 8A , proteolytic activity toward SPAK was confirmed with the recombinant fusion protein. As the activity was labile, possibly due to the large GST moiety, we also produced a His 6 -Dnpep fusion protein. Despite the fact that the fusion protein was confined to the bacterial pellet, we were able to confirm Dnpep-specific proteolytic activity toward SPAK (Fig. 8, B-D) .
To determine the sites of cleavage, we modified the fusion protein to allow for easier mass spectrometry of the PAPA box. This region is in fact typically not detected by trypsin using digestion due to the large size of the PAPA-containing tryptic peptide. We mutated residues Thr-21 and Ser-46 to Lys and demonstrated that these mutations did not affect the cleavage pattern (data not shown). The new GST-SPAK fusion protein was further purified by gel filtration and incubated for 2 h with a dilute kidney lysate. After proteolysis, the C-terminal fragments were purified by HA immunoprecipitation, separated by FIGURE 6. Cleavage is prevented by excess EDTA and by 1,10-phenanthroline and DTT but not by bestatin. A, samples containing 70 g of kidney lysate were preincubated for 30 min at 37°C in phosphate buffer with different inhibitors (final concentration: 100 M bestatin, 10 M MG132, 10 mM N-ethylmaleimide (NEM), 5 mM EDTA, 5 mM 1, 10-phenanthroline, 1 mM DTT, 5 mM DTT, 10 mM DTT) or with vehicle before reactions for 1 h at 37°C with 2 l of SPAK fusion protein (5 g/l). IB, immunoblot. B, absence of bestatin effect at concentrations ranging from 1 nM to 100 M. Western blot analysis was done using 1:1000 anti-SPAK (C-terminal) antibody followed by 1:5000 HRP-conjugated anti-rabbit antibody. FP, fusion protein. C, the protease that cleaves SPAK is a Zn 2ϩ metalloprotease. Kidney lysate was incubated with 20 mM EDTA for 1 h at 37°C followed by 2 days of dialysis at 4°C to wash away the EDTA. Recovered lysate was then concentrated using a 30-kDa centrifugal filter (Millipore) and preincubated (4 g) with or without 1 mM concentrations of different divalent cations for 30 min before reaction with GST-SPAK fusion protein for 1 h at 37°C. Reaction between non-EDTA-treated kidney lysate (4 g, diluted) and SPAK fusion protein was used as positive control. Typical reactions between 1 l of kidney lysate (22 g/l, original) and 2 l of SPAK fusion protein was also used as a positive control. Samples were subjected to 10% SDS-PAGE followed by Western blot analysis as described before. Equal fraction volumes (10 l) were separated on 10% SDS-PAGE and subjected to Western blot (IB) analysis using 1:1000 anti-Dnpep antibody followed by 1:5000 HRP-conjugated anti-rabbit antibody. M, molecular mass markers. C, 9 g of fraction #9 from gel permeation (see panel C) was loaded into Novex NativePAGE 3-12% Bis-Tris gels. Immunoblotting with anti-Dnpep antibody shows one single broad band. Protein markers (NativeMark TM , Invitrogen) ranged from 1236 kDa to 20 kDa. Western blot analysis used 1:1000 anti-Dnpep antibody followed by 1:5000 HRP-conjugated anti-rabbit antibody. D, size determination of bands based on migration of molecular markers. The molecular mass (kDa, y axis) is plotted against the distance from the top of the gel (mm, x axis). The data were fitted using non-linear (exponential) regression analysis (GraphPad Prism 3.0). SDS-PAGE, extracted from the gel, and subjected to MS analysis. Tandem mass spectrometry data were analyzed using Scaffold 4 (Proteome Software Inc.), and Skyline 2.5 (MacCoss laboratory, University of Washington) was used to extract and integrate ion chromatograms for the peptide masses. Sites of cleavage are visualized in Fig. 9 and detailed in Table 2 . It can be seen that the most N-terminal sites of cleavage occur in the PAPA box at two very specific locations. Analysis of secondary structure of the PAPA region using Phyre2 (32) revealed that the protease preferentially cleaves at the C-terminal tail of ␣-helices (Fig. 9, A and B) . Downstream digests within the catalytic and the C-terminal regulatory domain also seem to occur preferentially at the C-terminal end of ␣-helices.
Cleavage of SPAK within the PAPA box was confirmed by experiments in which we removed the proline/alanine-rich sequence from SPAK and lost the cleavage pattern or in which we inserted this amino acids sequence to OSR1 and gained it (Fig. 10, A and B) . Our study also demonstrated cleavage within the catalytic domain. In fact two sites yield C-terminal fragments with sizes close to the native fragments that are observed by Western blot analyses of kidney samples. The predicted molecular weights of 40.8 (V2LEG) and 36.7 (F2LAT) are close to the size of the inhibitory KS fragments measured previously (14, 16) . We created the cDNA encoding these fragments ( Fig. 10C ) and tested their function on NKCC2 in X. laevis oocytes. We also created a protein devoid of the PAPA box. As seen in Fig. 10D , co-injection of full-length SPAK or of the SPAK fragment devoid of the PAPA box had no inhibitory effect on NKCC2 function. In contrast, co-injection of the two smaller fragments led to a significant decrease in NKCC2 func- tion consistent with dominant negative effect of SPAK fragments on NKCC2 function. This observation is in agreement with the dominant negative effect of other fragments previously studied (16, 18) .
DISCUSSION
In this study we showed that SPAK is cleaved to give rise to a reproducible pattern of degradation when it is incubated with kidney but not other tissue lysates. Of interest, this cleavage was not observed with OSR1. Because pretreatment of kidney lysate at a temperature of 55°C or larger prevented this degradation, the activity was likely mediated by a protein, i.e. a protease. Effort was then made in finding experimental conditions that prevent the degradation pattern, finding inhibitors, and identifying the protease as well as its sites of cleavage. Although pretreatment of kidney lysate with regular protease inhibitors or cocktails did not prevent SPAK cleavage, 5 mM phenanthroline and 1 mM dithiothreitol effectively inhibited SPAK degradation. Phenanthroline is a specific inhibitor of Zn 2ϩ metalloprotease (27) . Dithiothreitol, which is commonly used to reduce disulfide bonds, is also able to chelate heavy metals such as Zn 2ϩ but not Ca 2ϩ (26) . The observation that preincubation and a high concentration of EDTA (Ն5 mM) are both required to inhibit the action of the protease on SPAK indicates that a divalent cation other than Ca 2ϩ is involved. When kidney lysate was treated with 20 mM EDTA and then dialyzed to eliminate the chelating agent, we were able to recover the proteolytic activity only when Zn 2ϩ was added to the reaction. There was no recovery with other divalent cations. Altogether those data strongly support that it is a Zn 2ϩ metalloprotease that cleaves SPAK. Using traditional chromatography techniques combined to MS, we were able to identify Dnpep as the protease involved in the degradation of the kinase. Note that the identification of Dnpep does not exclude the possibility that another protease is also involved, particularly as we identified multiple sites of cleavage. Through the use of inhibitors, however, we were able to exclude the participation of other metalloproteases that were present in the MS list. For instance, we were able to eliminate lap3 based on insensitivity of our reaction to bestatin. Similarly, meprin A, which forms a high molecular weight complex at the membrane, is sensitive to micromolar concentrations of EDTA (33), whereas our reaction required several order of magnitude more EDTA to inhibit its activity. Finally, we were also able to eliminate aminoacylase-1, a cytosolic homodimer that is inhibited by lactate (34) , and presequence protease, which is located in mitochondria and inhibited by Ni 2ϩ and Zn 2ϩ (35) . Although Dnpep has been reported to cleave acidic amino acid-rich sequences in vitro with a preference for aspartyl over glutamyl at the N-terminal tail of the short peptide (28) , our data reveal that the protease also has an unusual structural preference. Indeed, SPAK is cleaved at the N-terminal tail of the kinase within the proline/alanine-rich region and within the kinase domain, regions that share no obvious sequence homology. Secondary structure prediction of SPAK revealed these cleavage sensitive regions as putative ␣-helices. A look at the catalytic domain structure (PDB codes 3DAK and 2VWI) confirmed this idea, localizing the cleavage sites to the C-terminal end of ␣-helices (Fig. 9B) . Although proteases do not typically target ␣-helices, such behavior has been described for caspase-3 and the bacterial protease glutamyl endopeptidase, GluC (36) . Perhaps the homododecameric structure of Dnpep, constituted by six dimers, each of which diagonally sits on a face of a tetrahedron (31), provides a means to recognize C-terminal ends of specific ␣-helices. Although unusual, this multimeric configuration is also found in an unrelated holobacterium aminopeptidase (37) .
The proline/alanine-rich region of SPAK is of interest as it constitutes the differentiating feature from its ancestor kinase OSR1 (2) . As demonstrated by our study, this unique region is primarily targeted by the protease, suggesting it may be involved in regulating the kinase. As the proline-rich region is located at the N terminus, a possibility could be that its presence is a prerequisite for the recognition and cleavage at downstream sites. The fact that the PAPA box is an unfolded region might help targeting the protease to the kinase. Proline repeat sequences have been described as "sticky," and because the interaction of proline stretches with other proteins is weak, it is easily modulated (38) . Indeed, proline-rich regions are believed to bring proteins together to increase the likelihood of subsequent interactions (39) . The PAPA box, (AP) 6 , of the light chain myosin kinase was shown to target the kinase to actin, thereby allowing their direct interaction (40) . Hence we can speculate that the presence of the PAPA box could facilitate the transport of SPAK to the apical membrane, where it interacts with the sodium chloride cotransporter NKCC2. For instance, the PAPA box could direct SPAK to apical actin bundles, and the action of Dnpep could release this interaction and allow SPAK to move away from the membrane. The PAPA box could account for the significant differences in cellular distribution of SPAK and OSR1 that have been observed in renal tubule cells (14, 16, 41) .
Our study demonstrates that Dnpep provides another level of regulation to the signaling cascade that leads to activation of Na ϩ transporters. The aminopeptidase targets the proline/alanine-rich region of SPAK as well as the catalytic domain, resulting in shorter C-terminal fragments. Whether expression and/or activity of this aminopeptidase in the distal portion of the nephron are physiologically regulated still needs to be tested. Furthermore, as Dnpep is also expressed outside the kidney, whereas our results indicate "kidney-specific" proteolytic activity, suggests additional factors must be at play. These could be adaptor proteins that facilitate the localization and interaction between the protease and the kinase or a co-factor that is required for the protease activity. In this regard the level of Zn 2ϩ in cells might be critical, as the divalent cation is required but also inhibitory at high concentrations. Zn 2ϩ is transported by many mechanisms along the nephron and likely to be tightly regulated (42, 43) .
Further studies will be required to determine the physiological relevance of the Dnpep fragments. Nevertheless, it should be pointed out that the proteolytic fragments are roughly equivalent to the sizes of the endogenous inhibitory SPAK fragments in the kidney, which are more prevalent in the medulla than the cortex (14) and have been suggested to dampen OSR1 (fulllength) SPAK-mediated phosphorylation of NCCK2. Although Dnpep is found in both the cortex and the medulla, activity of the protease may be controlled in a nephron segment-specific manner by dietary conditions and/or the cofactor, Zn 2ϩ . There is currently no knock-out mouse model of Dnpep available to test these ideas. Whether deletion of the protease will lead to a viable mouse is, therefore, unknown, and future studies might require the development of a kidney-specific Dnpep knock-out mouse. Our data, which suggest a novel role for Dnpep in regulating Na ϩ transport in the nephron through specific targeting and cleavage of SPAK, are intriguing. Action of aminopeptidase or protease in renal physiology would, however, not be a precedent as aminopeptidase A (which in this case acts extracellularly) plays among other functions a key role in regulating blood pressure through the cleavage and degradation of angiotensin II (44, 45) . There are also many examples of much larger proteins undergoing changes in activity upon proteolytic cleavage. This is the case for the epithelial Na ϩ channel, ENaC, which is cleaved by different proteases once it has 
List of peptides identified by mass Spectrometry analysis
Sequences of the peptides identified by mass spectrometry with flanking residues are indicated in parenthesis. The peptides were from four bands excised from the gel as described under "Experimental Procedures."
